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Abstract: Identification and assessment of the relative importance of factors affecting duckling growth and 
survival are essential for effective management of mallards on breeding areas. For each of 3 years (1993-95), 
we placed Fl-generation wild mallard (Anas platyrhynchos) females on experimental wetlands and allowed 
them to mate, nest, and rear broods for 17 days. We manipulated invertebrate densities by introducing fathead 
minnows (Pimephales promelas) at high densities in half of the wetlands on which broods were confined. Day- 
17 body mass of surviving ducklings (n = 183) was greater for ducklings that were heavier at hatch; the 
difference averaged 1.7 g at day 17 for each 1.0 g at hatch (P = 0.047). Growth ratio (the proportion of body 
mass attained by ducklings when they were last measured relative to that predicted for wild female mallard 
ducklings) also was positively related to body mass at hatch (P = 0.004). Mean day-17 body mass and mean 
growth ratio of ducklings per brood (each adjusted for body mass at hatch) were positively related to numbers 
of aquatic invertebrates (Ps < 0.001) and negatively related to variance in the daily minimum air temperature 
during the exposure period (Ps < 0.020). Early growth of mallards was more sensitive to variation in numbers 
of invertebrates than to air temperature or biomass of invertebrates. Duckling survival was positively related 
to growth ratio (P < 0.001). Our study provides parameter estimates that are essential for modeling growth 
and survival of mallard ducklings. We emphasize the need for conserving brood-rearing wetlands in the Prairie 
Pothole Region that are capable of supporting high densities of aquatic invertebrates. 
JOURNAL OF WILDLIFE MANAGEMENT 62(1):124-133 
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The early developmental phase is among the 
most important yet least studied periods in the 
life cycle of waterfowl (Sedinger 1992). For 
mallards and many other species of ducks, diets 
during the first 2 weeks of this period consist 
almost entirely of aquatic invertebrates (Chura 
1961, Perret 1962, Sugden 1973). Thereafter, 
mallard ducklings consume progressively great- 
er amounts of plant matter prior to fledging 
(Chura 1961, Street 1977). Hence, although it 
is widely accepted that early growth of duck- 
lings is positively related to abundance of aquat- 
ic macroinvertebrates, efforts to quantify this 
relation in natural or seminatural settings have 
been hampered by lack of control over factors 
1 E-mail: robert_cox@usgs.gov 2 Present address: Kansas Department of Wildlife 
and Parks, Box 1525, Emporia, KS 66801, USA. 
influencing duckling growth (see review in Se- 
dinger 1992). 
In addition to duckling growth, prefledging 
survival is among the least understood compo- 
nents of recruitment in mallards (Cowardin et 
al. 1985). Most mortality of mallard ducklings 
occurs during the first 2 weeks of life (Orth- 
meyer and Ball 1990, Rotella and Ratti 1992). 
Predation often is identified as an important 
source of duckling mortality (Talent et al. 1983), 
but abiotic factors, primarily weather, may di- 
rectly influence duckling survival (e.g., Korsch- 
gen et al. 1996). Adverse weather also can in- 
directly influence growth and survivorship of 
ducklings by altering time-activity budgets (in- 
creased time spent being brooded vs. foraging) 
or by decreasing the availability of aquatic in- 
vertebrates (reviewed by Johnson et al. 1992). 
Ducklings with more rapid early growth should 
be less susceptible to weather-related sources of 
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mortality because of larger body size (i.e., de- 
creased surface area:volume ratio) and greater 
nutrient reserves (Sedinger 1992). Thus, early 
growth of ducklings may serve as an important 
link between availability of food resources and 
survival. In turn, brood and duckling survival 
are among the most important factors affecting 
production and the subsequent population dy- 
namics of mallards (Johnson et al. 1992). 
We measured growth and survival of captive 
mallard ducklings during their critical early de- 
velopmental period. We tested for variation in 
duckling growth in relation to (1) body mass at 
hatch, (2) numbers and biomass of aquatic in- 
vertebrates, and (3) several measures of ambi- 
ent air temperature. Finally, we tested for vari- 
ation in duckling survival in relation to growth. 
Our objective was to develop predictive equa- 
tions for these relations. 
STUDY AREA 
We conducted our study using a complex of 
20 experimental wetlands (hereafter, wetlands) 
constructed in 1992 at Northern Prairie Wildlife 
Research Center, 3 km east of Jamestown, 
North Dakota (46?53'N, 98?38'W). The flooded 
surface of each wetland was 22 x 22 m, and 
basins were sloped at 14? to form a 12- X 12- 
m area in the center of each wetland, which was 
flooded to maximum depth of 1.2 m. To prevent 
seepage, we installed waterproof liners in each 
wetland and then overlaid them with sediments. 
We spaced wetlands evenly in a 4 X 5 array, 
and each wetland was enclosed by steel chain 
link fencing and covered with nylon netting. 
This construction excluded predators and iso- 
lated females and their ducklings from other 
such groups. Predominant emergent hydro- 
phytes were a mix of wet-meadow, shallow- 
marsh, and deep-marsh species (Stewart and 
Kantrud 1971) that included Hordeum, Phal- 
aris, Poa, Polygonum, and Typha spp. Enclo- 
sures included strips of upland (approx 7 m 
width) surrounding each wetland. 
METHODS 
We initially flooded wetlands during August 
1992. In spring 1993, we inoculated wetlands 
with water, benthic core samples, and dry 
shoreline sediments from natural wetlands to 
speed colonization of plankton and aquatic ma- 
croinvertebrates (Euliss and Grodhaus 1987). 
In late April 1993, we fertilized each wetland 
with alfalfa pellets (25 kg) to enhance initial in- 
vertebrate populations. Thereafter, we managed 
water levels to simulate natural water regimes 
of semipermanent wetlands (Stewart and Kan- 
trud 1971). We drained wetlands to a depth of 
0.5 m by September of each year and then used 
well water to reflood them to capacity (1.2 m) 
in April or early May. 
We added fathead minnows, important pred- 
ators of aquatic insects and crustaceans in prai- 
rie wetlands (Held and Peterka 1974, Hanson 
and Riggs 1995), to half of our wetlands to es- 
tablish a wide range of invertebrate densities 
and to satisfy objectives of other concurrent 
studies (see Hanson et al. 1995, Roy 1995). 
Each year during 1993-95, we randomly se- 
lected wetlands to receive 1 of 4 treatments: (1) 
fathead minnows only, (2) mallard brood only, 
(3) fathead minnows and mallard brood, and (4) 
neither (control). Here, we present results from 
treatments with broods (2 and 3). We stocked 
wetlands selected to receive minnows with 
10,000 adult fathead minnows (50 g; 35-55 mm 
total length) in mid-late May each year. 
In late April or early May, we placed a pair 
of F1-generation wild mallards on each wetland 
selected to receive a mallard brood. Female 
mallards in 1993 and 1994 were from the same 
cohort and were yearlings in 1993. Females in 
1995 were from other cohorts and were -2 
years of age. No individual female was used in 
>1 year of the study. We removed males from 
wetlands at the onset of incubation. We provid- 
ed a high-protein commercial diet ad libitum to 
pairs and incubating females. Commercial food 
was removed before ducklings hatched; there- 
after, females and broods foraged only on nat- 
ural foods. 
To minimize temporal variation in factors in- 
fluencing duckling growth and survival, we syn- 
chronized hatching within 5 days each year by 
replacing eggs from early-laid clutches with 
eggs from F1-generation wild mallards of known 
incubation stage. We standardized clutch size to 
10 for each female. We webtagged and deter- 
mined body mass (spring scales; ? 0.5 g) of 
ducklings on the day they were hatched but 
were dry and still in the nest (day 1 of the ex- 
periment). We visually verified brood sizes at 
least once daily, searched for any missing duck- 
lings, and determined their mass if recovered 
dead. On day 17, we used sliding-door traps to 
capture surviving ducklings as broods, eutha- 
nized them immediately with an intrapleurito- 
neal injection of 1 mL of sodium pentobarbital, 
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and redetermined their mass. Techniques for 
care and handling of adult mallards and duck- 
lings were approved by the Animal Care and 
Use Committee of Northern Prairie Wildlife 
Research Center and conform to standards of 
the Animal Welfare Act (Public Law 990198 
and 9 CFR Parts 1, 2, and 3). 
We indexed aquatic invertebrate abundance 
with activity traps, which provide estimates sim- 
ilar to those obtained by more active sampling 
methods (Brinkman and Duffy 1996). We used 
2 types of traps simultaneously in each wetland 
to reduce potential trap bias and to sample 
more thoroughly the water-surface zone where 
most ducklings feed (Sugden 1973). We distrib- 
uted 10 activity traps (modified from Swanson 
1978) throughout the water column in each 
wetland by suspending them horizontally from 
PVC frames at approximately 0.3-m intervals 
from immediately below the water surface to 
0.9 m (1 trap at the 0.3-m contour, 2 traps at 
the 0.6-m contour, etc.). We also deployed 4 
stratified activity traps in each wetland, sus- 
pending 1 trap from each PVC frame. Each 
stratified trap was composed of 3 layered com- 
partments that collected invertebrates from dis- 
crete water-column layers spaced approximately 
5 cm above to 15 cm below the water surface; 
thus, a single sampling of each wetland consist- 
ed of 22 samples. To exclude minnows, we cov- 
ered apertures of activity traps with 1.2 cm di- 
ameter screen. To minimize disturbance to 
broods, we sampled invertebrates only once 
yearly while broods were present, and on about 
day 8 of the experiment (Fig. 1). We removed 
activity traps from wetlands about 24 hr after 
deployment and preserved invertebrates in 80% 
ethanol. We estimated aquatic invertebrate 
numbers in each wetland by counting and iden- 
tifying invertebrates from samples by taxon and 
then calculating the mean number of organisms 
per trap for both types of activity traps. To es- 
timate invertebrate biomass, we dried them to 
constant mass at 60?C prior to determining 
mass (? 0.0001 g). Further details of our in- 
vertebrate sampling methods are described by 
Hanson et al. (1995) and Roy (1995). 
For analysis, we considered 2 response vari- 
ables as measures of duckling growth: (1) body 
mass at 17 days (for surviving ducklings only), 
and (2) growth ratio (for all ducklings). We de- 
fine growth ratio as the proportion of "expect- 
ed" body mass achieved by a duckling when last 
measured. To estimate expected body mass, we 
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Fig. 1. Dates of exposure for mallard broods reared on 
experimental wetlands in North Dakota for each year. Ver- 
tical bars indicate dates on which invertebrates were sam- 
pled. 
used PROC NLIN (SAS Institute 1990) to fit a 
4-parameter growth curve modified from Rich- 
ards' (1959) growth function (Sugden et al. 
1981) to body mass data from wild female mal- 
lard ducklings summarized in Lokemoen et al. 
(1990). The growth curve was of the following 
form: 
V(t) = W[l1 - (1 - m)e[-k(t-to)/nl"'(-"')]]l/(l-m) 
where W(t) is the estimated body mass at age 
t, WO is the asymptotic mass, m is the shape 
parameter, k is the maximum relative growth 
rate (per day), and to is the age in days at max- 
imum rate of growth. To produce realistic 
growth curves, we constrained W, to be - 
1048.74 g (Bellrose 1976) and m to be > 1.01 
(Sugden et al. 1981). It was necessary to refit 
growth curves because those presented in Lo- 
kemoen et al. (1990) lacked a shape parameter 
and consequently produced a symmetric (i.e., 
logistic) curve that overestimated duckling body 
mass at early stages of development. We chose 
wild female mallard ducklings because this 
growth curve fit our data more closely than the 
growth curve for males, and more closely than 
those fit to captive mallards (Sugden et al. 1981, 
J. Wildl. Manage. 62(1):1998 
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Rhymer 1982). Parameter estimates from our 
final fitted equation were W, = 1048.74, m = 
1.3305, k = 0.0185, and to = 31.99. We then 
calculated a growth ratio for each duckling as 
follows: 
W(t)OBSERVED Growth ratio = O(t)ESEED 
T(t)EXPECTED 
where t is the age of the duckling when we last 
determined its mass. 
We first tested for a relation between each 
response variable (day-17 body mass for surviv- 
ing ducklings and growth ratio for all ducklings) 
and body mass at hatch using least-squares re- 
gression (PROC GLM; SAS Institute 1990). If 
this relation was significant (P < 0.05), we then 
adjusted the response variable for each duckling 
for its body mass at hatch by adding the residual 
from the regression for that duckling to the 
overall mean of the response variable (Ankney 
and Afton 1988, Afton and Ankney 1991). To 
control for any potential lack of independence 
among brood mates, we next averaged the ad- 
justed response variables over ducklings in each 
brood. We then used multiple regression 
(PROC GLM; SAS Institute 1990) to assess re- 
lations of the 2 adjusted response variables (av- 
eraged over ducklings within a brood) to (1) 
mean density of aquatic invertebrates (numbers 
and biomass) in each wetland each year; and (2) 
3 measures of minimum air temperature during 
the exposure period, including (a) the mean dai- 
ly minimum temperature, (b) the number of 
days with daily minimum temperature below 
10?C, and (c) the variance in the daily minimum 
temperature. We obtained daily temperature 
data recorded at the Jamestown Airport from 
the National Oceanic and Atmospheric Admin- 
istration. Thus, we fitted 6 models for each re- 
sponse variable, 1 for each combination of 2 
measures of invertebrate density and 3 mea- 
sures of air temperature. We included the in- 
teraction in initial models and used backward 
stepwise procedures to eliminate nonsignificant 
(P > 0.05) terms, beginning with interactions. 
We used standardized regression coefficients 
(PROC REG; SAS Institute 1990) to examine 
the relative influence of terms included in our 
final fitted models. We did not include year as 
an explanatory variable in our models because 
our goal was to develop predictive equations ap- 
plicable to years outside of those in our study. 
However, we tested for year effects potentially 
caused by factors not included in our models by 
testing whether residuals from our final fitted 
models differed among years (PROC GLM; 
SAS Institute 1990). In all equations in this pa- 
per, body mass is expressed in grams and tem- 
perature is expressed in degrees Celsius. 
We modeled 17-day survival of ducklings as 
a dichotomous response to their growth ratios. 
Survivorship of ducklings in the same brood 
may not be independent (i.e., the intrabrood 
correlation may differ from zero). To account 
for the possibility of dependence within broods, 
we used a first-order Taylor series approxima- 
tion and a between-brood variance estimation 
procedure to obtain consistent logistic regres- 
sion estimators (Bieler and Williams 1995). We 
fitted the model assuming that survival proba- 
bilities of ducklings within the same brood were 
dependent (SUDAAN, PROC LOGISTIC; 
Shah et al. 1996) and independent (PROC LO- 
GISTIC; SAS Institute 1990, 1996). We as- 
sessed fit of models using goodness-of-fit tests 
(Hosmer and Lemeshow 1989, SAS Institute 
1996). To examine the relation between survival 
and age of ducklings, we used PROC LIFE- 
TEST (SAS Institute 1990) to estimate Kaplan- 
Meier (1958) survival rates and associated 95% 
confidence limits of ducklings during the 17-day 
interval. 
Two females (1 each in 1993 and 1994) failed 
to hatch broods. We also could not measure 
body mass of 5 ducklings that disappeared (and 
we presumed died) during the experiment, and 
we were unable to assign final body mass for 4 
ducklings that lost web tags. We excluded these 
9 ducklings from analyses of growth and survival 
but included them in our estimation of Kaplan- 
Meier survival rates. Five ducklings from each 
brood in 1993 were color-marked to obtain be- 
havioral data for another study. Because growth 
and survival of these ducklings appeared ad- 
versely affected by markers (J. E. Austin, 
Northern Prairie Wildlife Research Center, per- 
sonal communication), we excluded these duck- 
lings from all analyses. 
RESULTS 
Day-17 Body Mass 
Day-17 body mass of surviving ducklings was 
positively related (F1,181 = 3.99, P = 0.047) to, 
but poorly predicted by, body mass at hatch. 
Our final equation was as follows: day-17 body 
mass = 62.3 + 1.7 (body mass at hatch); r2 = 
0.02. Thus, day-17 body mass was greater for 
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ducklings that were heavier at hatch; the differ- 
ence averaged 1.7 g at day 17 for each 1.0 g at 
hatch. Mean day-17 body mass of ducklings per 
brood (adjusted for body mass at hatch) was 
positively related (F1,25 = 14.58, P < 0.001) to 
invertebrate numbers (range in mean number 
of invertebrates per trap among wetlands = 17- 
257) and negatively related (F1,25 = 5.85, P = 
0.02) to variance in daily minimum air temper- 
ature (range = 3.4-15.4?C). The interaction be- 
tween invertebrate numbers and variance in the 
daily minimum air temperature was not signif- 
icant (F1,24 = 0.13, P = 0.73). Our final fitted 
equation was as follows: mean day-17 body mass 
of ducklings per brood = 128.04 + 0.29 (mean 
number of invertebrates per activity trap) - 
3.53 (variance in daily minimum temperature); 
R2 = 0.52. Thus, mean day-17 body mass of 
ducklings per brood (adjusted for body mass at 
hatch) increased 0.29 g for each unit increase 
in mean number of aquatic invertebrates cap- 
tured per trap and decreased 3.53 g with each 
unit increase in variance in daily minimum air 
temperature during the exposure period. Stan- 
dardized regression coefficients were 0.55 for 
number of aquatic invertebrates and -0.35 for 
variance in daily minimum air temperature, in- 
dicating that day-17 body mass of ducklings per 
brood (adjusted for body mass at hatch) was 
more sensitive to invertebrate numbers than to 
variance in daily minimum air temperature. Us- 
ing residuals from our final fitted model, we 
found no evidence (F2,25 = 0.42, P = 0.66) that 
mean day-17 body mass of ducklings per brood 
(adjusted for body mass at hatch) differed in 
relation to year, after we controlled for variation 
from invertebrate numbers and variance in daily 
minimum air temperature. Relations with alter- 
native measures of invertebrate density (bio- 
mass of aquatic invertebrates per trap, range = 
0.004-0.147 g), air temperature (mean daily 
minimum, range = 11.2-16.6?C; number of 
days <10?C, range = 0-6 days), and other in- 
teractions were not significant (Ps > 0.17). 
Growth Ratio 
Growth ratio for each duckling was positively 
related (F 212 = 8.31, P = 0.004) to, but poorly 
predicted by, body mass at hatch. Our final fit- 
ted equation was as follows: growth ratio = 
0.177 + 0.013 (body mass at hatch); r2 = 0.04. 
Mean growth ratio of ducklings per brood (ad- 
justed for body mass at hatch) was positively 
related (F1,25 = 14.38, P < 0.001) to inverte- 
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Fig. 2. Kaplan-Meier survival function (solid line) and 95% 
confidence limits (dotted lines) for mallard ducklings (n = 223) 
reared on experimental wetlands in North Dakota, 1993-95. 
brate numbers and negatively related (F125 = 
7.30, P = 0.01) to variation in daily minimum 
air temperature. The interaction between in- 
vertebrate numbers and variation in daily min- 
imum air temperature was not significant (F1,24 
= 0.01, P = 0.93). Our final fitted equation was 
as follows: mean growth ratio of ducklings per 
brood = 0.716 + 0.002 (mean number of in- 
vertebrates per trap) - 0.022 (variance in daily 
minimum temperature); R2 = 0.54. Standard- 
ized regression coefficients were 0.53 for num- 
bers of invertebrates and -0.38 for variance in 
daily minimum air temperature, indicating that 
mean growth ratio of ducklings per brood was 
more sensitive to invertebrate numbers than to 
variance in daily minimum air temperature. Us- 
ing residuals from our final fitted model, we 
found that mean growth ratio of ducklings per 
brood (adjusted for body mass at hatch) did not 
differ (F2,25 = 0.27, P = 0.76) in relation to year, 
after we controlled for variation from inverte- 
brate numbers and variance in daily minimum 
air temperature. Other measures of inverte- 
brate density (biomass), air temperature (mean 
daily minimum and number of days below 10? 
C), and other interactions were not related to 
growth ratio (Ps > 0.35). 
Survival 
The 17-day survival rate for 223 ducklings we 
monitored was 0.84 (SE = 0.025; Fig. 2). There 
was no incidence of total brood loss. We deter- 
mined final body mass for 31 of 36 ducklings 
that died during the 17-day experiment. 
Duckling survival was positively related to 
growth ratio in our analysis that accounted for 
potential intrabrood correlation among duck- 
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lings (Wald X21 = 11.37, P = 0.0007) and in our 
analysis that treated ducklings in the same 
brood as if they were independent (Wald X21 = 
25.54, P < 0.0001). However, these models did 
not fit the observed data well (Hosmer and Le- 
meshow goodness-of-fit statistic = 41.55, 8 df, 
P < 0.0001), primarily because observed growth 
ratios of ducklings that died early (in the first 3 
days of life) were much higher than predicted 
by our logistic regression model (Fig. 3). There- 
fore, we repeated our analysis and excluded the 
4 ducklings that died within 3 days posthatch 
(see explanation in Discussion). We again found 
that survival was positively related to growth ra- 
tio in analyses that controlled for potential in- 
trabrood correlation (Wald X21 = 31.40, P < 
0.001) and in analyses that treated ducklings as 
independent (Wald X21 = 26.29, P < 0.001). 
Intrabrood correlation in survival was 0.029, a 
value sufficiently close to zero to justify treating 
fates of ducklings in the same brood as inde- 
pendent. These models fit our data (Hosmer 
and Lemeshow goodness-of-fit statistic = 7.25, 
7 df, P = 0.40). Our final fitted equation was 
e-6.6983+18.3853(Growth ratio) 
P(Surv) 1 + e-6.6983+18.3853(Growth ratio)' 
where P(Surv) is the probability that a mallard 
duckling will survive the entire period from 3 
to 17 days of age (Fig. 3). 
DISCUSSION 
Duckling Growth 
Most earlier studies of relations between nu- 
trition and growth of ducklings in natural or 
seminatural settings were anecdotal or charac- 
terized by small sample sizes, lack of replica- 
tion, or other difficulties associated with con- 
trolling and measuring important variables un- 
der field conditions. Thus, although previous 
studies were important for generating, and in 
some cases testing, hypotheses about nutritional 
effects on growth, they have not allowed for the 
estimation of parameters relating invertebrate 
density to growth. Our finding that duckling 
growth was positively related to invertebrate 
density is consistent with results of previous re- 
search. For example, Street (1978) reported 
higher growth rates for mallard ducklings fed 
greater amounts of insect larvae, and Hunter et 
al. (1984) reported that ducklings from a mixed 
brood of mallards and American black ducks 
(Anas rubripes) on a pesticide-treated wetland 
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Fig. 3. Probability of survival for mallard ducklings from 3 
through 17 days of age (Y-axis) reared on experimental wet- 
lands in North Dakota, 1993-95, in relation to growth ratio (X- 
axis). Actual growth ratios of ducklings that lived (probability 
of survival = 1) and died (probability of survival = 0) during 
the experiment are denoted by symbols (plus signs or open 
circles). Ducklings that died when they were -3 days of age 
(open circles) were excluded from analysis. Solid line denotes 
probability function from logistic regression. 
grew slower than those in a similar brood on an 
unsprayed wetland. Pehrsson and Nystrom 
(1988) suggested that low growth rates of old- 
squaw (Clangula hyemalis) ducklings were as- 
sociated with high intraspecific competition for 
fairy shrimp (Polyartemiaforcipata). McCarthy 
(1995) attributed low growth and survival rates 
of mallard ducklings on pesticide-treated wet- 
lands to chronic effects of decreased inverte- 
brate abundance. Other authors have attempted 
to relate invertebrate density directly to duck- 
ling survival. For example, Bengtson (1972) at- 
tributed high duckling mortality in 1 year of a 
long-term study to a shortage of midges (Chi- 
ronomidae), and Hill et al. (1987) reported that 
mallard ducklings feeding in lakes with high 
densities of fish (and low densities of aquatic 
invertebrates) survived at lower rates than those 
feeding in riverine habitats with low densities of 
fish. Brood sizes of tufted ducks (Aythya fuli- 
gula) appeared to increase following removal of 
fish from wetlands where ducklings were for- 
aging (Giles 1994). 
Our analyses indicated that mallard duckling 
growth was greater as numbers, but not bio- 
mass, of invertebrates increased. Large differ- 
ences in numbers of invertebrates among wet- 
lands mainly reflected variation in small but nu- 
merous taxa such as water fleas (Cladocera), co- 
pepods (Copepoda), and seed shrimp (Ostracoda) 
(Roy 1995). Large differences in biomass 
among wetlands mainly reflected variation in 
relatively heavy food items, particularly snails 
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Fig. 4. Body mass at hatch (diamonds), on the day of death 
(circles plotted on days 1-14), and at the end of the experi- 
ment (circles plotted on day 17) for mallard ducklings reared 
on experimental wetlands in North Dakota, 1993-95. The 
curved line is the growth curve fitted to wild mallard ducklings 
(Lokemoen et al. 1990) with 4-parameter Richards' (1959) 
curve modified by Sugden et al. (1981). Note that body mass- 
es of ducklings that died on days 1-3 are closer to the fitted 
growth curve than those of ducklings that died later in the ex- 
periment. 
(Gastropoda; M. A. Hanson, unpublished data). 
Our finding that number of invertebrates was a 
better predictor of duckling growth than inver- 
tebrate biomass suggests that ducklings did not 
assess the relative value of food items and for- 
aged primarily on foods that were most numer- 
ous. The benthic habits and large size of many 
snails in our wetlands may have decreased at- 
tractiveness of these food items to ducklings in 
our study. However, foraging inefficiency of 
newly hatched ducklings, differential capture 
rates among various invertebrate taxa by our ac- 
tivity traps, or temporal variation in invertebrate 
biomass that we failed to measure by sampling 
invertebrates on a single day also may have lim- 
ited our ability to detect biomass effects. 
Few ducklings in our experiment grew as rap- 
idly as wild mallard ducklings on which our 
growth curve was based (Fig. 4). The mean 
growth ratio of surviving ducklings was 0.69 and 
the median was 0.65, which contrasts to a ratio 
of 1.0, had surviving ducklings gained body 
mass at the same rate as wild mallard ducklings. 
Reduced growth is expected given that we 
stocked half the study wetlands with high den- 
sities of fathead minnows, which are known to 
suppress aquatic invertebrate populations (Han- 
son and Riggs 1995). Confinement of ducklings 
to a single wetland also created an unnatural 
situation because females could not move 
broods to better foraging sites, as they might in 
the wild. Therefore, we believe that our exper- 
iment represents a "worst-case" scenario, but 
one that might simulate a situation in which 
large-scale treatments such as pesticide appli- 
cations or fish introductions dramatically reduce 
invertebrate populations in wetlands over a 
brood's entire range. 
Effects of Air Temperature.-We found that 
variance in the daily minimum air temperature 
was a significant predictor of growth in mallard 
ducklings, but that mean daily minimum air 
temperature and number of days <10?C were 
not. The mean daily minimum air temperature 
for broods ranged from 11.2 to 16.6?C. The 
number of brood exposure days with minimum 
air temperatures <10?C was <2 during 1994 
and 1995, and ranged from 4 to 6 during 1993. 
Although temperature effects on ducklings are 
not well understood, our failure to detect rela- 
tions between growth and mean daily minimum 
air temperature or number of days <10?C may 
indicate that limiting temperature thresholds 
were never reached. 
Variable minimum temperatures may have 
disrupted invertebrate activity rhythms, and 
spatial or temporal variation in the location of 
invertebrates between warm and cold condi- 
tions may have prevented ducklings from locat- 
ing and using them as a dependable food sup- 
ply. For example, midges probably are most 
available to feeding waterfowl as they emerge 
on the surface of open water when conditions 
are warm and calm. However, adult midges be- 
come inactive when air temperatures are <8- 
11?C (Gibson 1945, Syrjiimiki 1964). Conse- 
quently, midges are most available as adults in 
emergent vegetation when conditions are cool 
and windy (Swanson and Sargeant 1972, Danell 
and Sj6berg 1982). Diel emergence patterns of 
midges, other dipterans, and dragonflies (Odo- 
nata) also may differ markedly in relation to air 
and water temperatures (Williams 1961, Swan- 
son and Sargeant 1972, Trottier 1973, Kureck 
1979). Swanson (1977) reported that water fleas 
were highly available to feeding waterfowl only 
on warm summer nights when low oxygen con- 
ditions forced them to the water surface. There- 
fore, when daily minimum air temperatures are 
highly variable, daily availability of invertebrate 
foods may fluctuate greatly and contribute to 
poor growth of ducklings. 
Duckling Survival 
We found that survival of mallard ducklings 
was positively related to growth (as measured 
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by growth ratio), which is consistent with sug- 
gestions from previous research. Street (1977) 
suggested that rapidly growing ducklings with 
diets high in invertebrates could withstand un- 
favorable weather much better than those grow- 
ing more slowly. Brown and Hunter (1984/85) 
used growth rates reported for a single mixed 
brood of mallards and American black ducks 
and estimated that a 37% decrease in growth 
rate of mallard ducklings (causing the typical 
day-14 body mass to be attained on day 19) 
would increase their mortality rate in the first 2 
weeks from 39 to 54%. Survival of mallard 
ducklings in our study was particularly sensitive 
to growth ratios <0.6. However, our ducklings 
were not exposed to predation. If predators 
such as mink (Mustela vison) and gulls (Larus 
spp.) selectively prey on the most vulnerable 
ducklings (Sargeant et al. 1973, Swennen 1989), 
then a positive relation between growth and 
survival may be sustained or even enhanced in 
wild situations where predation is an important 
source of mortality. 
Our model relating duckling survival to 
growth ratio did not fit our data when we in- 
cluded ducklings that were <3 days of age, sug- 
gesting that duckling mortality in the first 3 days 
was not related to growth. Food resources may 
not be critical to ducklings immediately after 
hatch because they can use lipids in residual 
yolk and body tissues through 4 days of age (Se- 
dinger 1992). Ducklings also can survive for 
several days without food (Kear 1965, Krapu 
1974, Duncan 1988, Sedinger 1992). For ex- 
ample, northern pintail (Anas acuta) ducklings 
deprived of food for 72 hr lost only 3.7 g 
(12.5%) of body mass (Duncan 1988). Mean 
daily increase in body mass (i.e., growth rate) of 
mallard ducklings is low during the first days of 
life but increases each day until the point of 
maximum growth rate is reached at 17-26 days 
of age for captive mallards (Sugden et al. 1981, 
Rhymer 1982), or 32-38 days for wild mallards 
(Lokemoen et al. 1990, and refitting our 4-pa- 
rameter growth curve to their data). Thus, it is 
not surprising that growth ratios of ducklings 
that died early in our experiment were high. 
Lack of model fit caused by our including in 
analyses ducklings that died early in our exper- 
iment may indicate that growth is an important 
predictor of survival only after ducklings are >3 
days old, at least in the absence of predation. 
MANAGEMENT IMPLICATIONS 
Our study provides parameter estimates for 
associations among invertebrate densities and 
other factors related to duckling growth and 
survival that are essential for modeling recruit- 
ment rates of mallards. We plan to incorporate 
predictive equations developed in this study 
into the mallard productivity model (Johnson et 
al. 1987) to increase its accuracy in predicting 
recruitment. We emphasize that our parameter 
estimates should not be extended beyond the 
range of explanatory variables recorded in our 
study because these relations may become as- 
ymptotic as invertebrates, for example, become 
numerous beyond the point where maximum 
growth of ducklings is reached, or as inverte- 
brates become limited beyond the point at 
which ducklings cannot maintain body mass. 
Data from activity traps are easily obtained, and 
thus might serve as a convenient tool for wet- 
land managers in need of methods that allow 
rapid assessment of wetland habitat suitability 
for ducklings. Sampling effort (in time or space) 
should be increased in correspondence to vari- 
ability of invertebrate numbers. 
Our study supports earlier recommendations 
that wetlands containing high densities of in- 
vertebrates should be conserved throughout the 
Prairie Pothole Region and in other areas of wa- 
terfowl production. Seasonal wetlands in the 
Prairie Pothole Region should receive particular 
attention because these wetlands are (1) highly 
productive (Swanson and Duebbert 1989), (2) 
used as brood-rearing habitats during wet years 
(Talent et al. 1982), and (3) more susceptible to 
drainage than more permanent wetlands. Our 
results indicate that growth and survival of mal- 
lard ducklings, and probably other species of 
juvenile ducks, could be reduced if activities 
such as chemical application, fish introduction, 
and tillage or drainage of wetland basins de- 
crease invertebrate abundance over large areas. 
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